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ABSTRACT 
Brown-midrib (bm) mutants are associated with reduction in lignin concentration and 
alteration in lignin composition.  Biomass with reduced lignin concentration is more 
easily digested by ruminants and is a more efficient feedstock for biofuel production. 
Analysis of bm genes can enhance our understanding of the biochemical pathways that 
lead to lignin accumulation, therefore offering the promise of designing crops with 
reduced lignin concentration. This information could also provide an alternative way to 
capture carbon in soil to reduce the atmospheric level of carbon dioxide.  Here, we report 
the mapping, cloning and functional analysis of the bm2 gene of maize.  The midrib of 
bm2 mutants displays a reddish-brown color, which reflects alteration in lignin 
concentration and/or composition that can be detected via histochemical staining.  The 
bm2 gene was mapped to an internal of 289-291MB on chromosome 1 using a newly 
developed adaptation of RNA-Seq based bulked segregant analysis (BSArSeq) that 
exploits the power of next generation sequencing.  Based on fine mapping experiments 
and expression analyses a putative methylenetetrahydrofolate reductase (MTHFR) gene 
was identified as a bm2 candidate gene.  Disturbance of this MTHFR gene via Mu 
insertion recreate bm2 mutants, confirming the cloning of bm2.  The bm2 cDNA can 
complements a yeast MTHFR mutant, demonstrating that bm2 encodes a functional 
MTHFR protein. A model that explains the role of the MTHFR enzyme in lignin 
biosynthesis is presented.    
 v
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CHAPTER 1. GENERAL INTRODUCTION  
1.1 Overview of maize as an important domestic crop  
Maize (Zea mays ssp. mays L.) is among the most wildly grown and productive crops 
in the world. Transformed over 10,000 years ago from a wild species into a 
domesticated crop, maize now contributes significantly to human needs for food, feed, 
fiber, industrial feedstocks and bio-fuels (Doebley et al. 2006; Tang et al. 2010). In 
2010, maize was planted on over 87.9 million acres, yielding over 300 million metric 
tons annually in America (Acreage. USDA, 2010). It is also an important crop across 
Asia, Africa, Australia and Europe. Therefore, research directed towards improving 
the productivity, adaptation and pest resistance of maize is of global significance.    
 
1.2 Maize as a tractable genetic model for plant research 
Maize is an important model for the study of crop plants and fundamental science. A 
draft genome sequence of a maize inbred line (B73) in which the over 32,000 genes 
and transposons have been annotated is available (Schnable et al. 2009). This 
reference genome facilitates studies of genome structure, which provide fundamental 
and important insights into the regulation of genes and the responsible mechanisms. 
This is one of many features that makes maize one of the most genetically tractable 
tools in plant research. In addition to maize, increasing number of reference genomes 
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of other important crops, including rice wheat, soybean, potatoes and apples have 
been sequenced (Feuillet et al. 2011; IRGSP 2005; Lam et al. 2010).  
   
  Maize served as the model organism in the present study that aimed to clone the 
bm2 gene and understand its role in lignin biosynthesis. In addition to the availability 
of mapping populations that have been genotyped, extensive genetic variation of 
maize lines have been generated, including brown midrib (bm) mutants, which are 
characterized by their reduced concentrations of lignin (Sattler et al. 2010). 
Importantly, contributions of genes that influence biomass synthesis and composition, 
including lignin regulation pathways, have been identified in general (Cherney et al. 
1991; Sarkanen and Ludwig 1971). Together, these provide strong background 
support and a wealth of tools towards the present study.    
 
1.3 Composition of plant materials 
Most of the biomass in maize is contributed by the cell wall, which is composed of a 
network of cellulose, hemicelluloses, lignin, phenolic acid, lipids and structural 
proteins (Penning et al. 2009). In lignified tissue, lignin is heavily cross-linked with 
cellulose and hemicelluloses, thereby strengthening these tissues, and also increasing 
their resistance to digestion by ruminants as well as by bacteria and fungi (Sarkanen 
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and Ludwig 1971). Because lignocellulosic biomass is a sustainable and renewable 
feedstock for agriculture and biofuels (Ragauskas et al. 2006), studies on the 
regulation of its composition have the potential to improve the quality of maize as a 
feed and for biofuel production.  
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CHAPTER 2. SPECIFIC INTRODUCTION 
Lignin is a heterogeneous aromatic polymer that serves as a major component of cell 
walls. It plays a critical role in the structural integrity of vascular plants (Sarkanen and 
Ludwig 1971). In lignified tissues, lignin is heavily cross-linked with cellulose and 
hemicelluloses such that it provides protects and strengthens the tissues, and also 
increases the resistance of biomass to the enzymatic digestion of its components by 
ruminants as wells as by bacteria and fungi (Sarkanen and Ludwig 1971). Because 
lignin has this high level of resistance to enzymatic digestion, lignin has a negative 
impact on forage quality and cellulosic biofuel production (Penning et al. 2009; 
Ragauskas et al. 2006). In contrast, a reduction in lignin content significantly 
improves digestibility and animal performance. Reduced lignin content of livestock 
feed also protects the environment against excessive animal waste (Jung and Vogel 
1986). High levels of enzyme-resistant lignin also results in recalcitrance of sugar 
release for fermentation mediated by microorganisms so that this is a major limitation 
for conversion of lignocellulosic biomass to biofuel such as ethanol (Fu et al. 2011). 
Therefore, understanding the mechanism mediating the lignin content in crops will 
provide important insights into the improvement of crops and forage quality as well as 
biofuel production.  
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Lignin is composed of three hydroxycinnamyl alcohol subunits (monolignols), 
p-coumaryl, coniferyl and sinapyl alcohol, resulting in hydroxyphenyl (H), guaiacyl 
(G) and syringyl (S) types of lignin, respectively (Bonawitz and Chapple 2010; 
Whetten and Sederoff 1995). Monolignols are synthesized by enzymes in the 
phenylpropanoid pathway, including cinnamyl alcohol dehydrogenase (CAD) and 
cinnamoyl CoA-reductase (CCR) (Lewis and Yamamoto 1990; Tamasloukht et al. 
2011). Para-coumaric acid, a major component of lignocellulose, is synthesized from 
cinnamic acid by the action of the P450-dependent enzyme 4-cinnamic acid 
hydroxylase (Boerjan et al. 2003). O-methyltransferases (OMT) converts 
para-coumaric acid to ferulic and sinapic acid (Tu et al. 2010; Whetten and Sederoff 
1995). Para-coumaric acid (PCA), ferulic acid (FA) and sinapic acid are converted to 
monolignols p-coumaric, coniferyl and syringul alcohol, which are further converted 
to the H, G and S types of lignin (Bonawitz and Chapple 2010; Whetten and Sederoff 
1995). However, the molecular mechanisms of lignin biosynthesis have not yet been 
fully elucidated. 
 
Maize (Zea mays ssp. mays L.) is one of the most wildly grown and most highly 
productive crops that contribute to the production of food, feed and biofuels (Doebley 
et al. 2006; Tang et al. 2010). Brown midrib (bm) mutants are characterized by the 
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reddish-brown color of their leaf mid-ribs (Sattler et al. 2010). The bm phenotype of 
maize was first reported over 80 years ago (Jorgenson 1931), and it is now clear that 
the phenotype is associated with a reduction in lignin concentrations (Cherney et al. 
1991; Grand et al. 1985; Sattler et al. 2010). To date, six bm mutants (bm1 to bm6) 
have been identified. The bm 1, 2, 3, 4, 5 and 6 loci are located on chromosomes 5, 1, 
4, 9, 5 and 2, respectively (Lawrence et al. 2005; Sattler et al. 2010). The bm3 and 
bm1 genes encode caffeic acid O-methyltransferase (COMT) (Vignols et al. 1995). 
and cinnamyl alcohol dehydrogenase gene (CAD), respectively (Grand et al. 1985), 
both of which enzymes play key roles in lignin biosynthesis. The roles of other four 
bm genes in lignin biosynthesis are not clear. Therefore, cloning the remaining bm 
genes is expected to provide new insights into the regulation of lignin biosynthesis.  
 
Maize is also one of the most genetically tractable crop plants for fundamental 
research. A genome sequence of a reference inbred line (B73) is currently available 
(Schnable et al. 2009). Having a reference genome sequence facilitates studies of 
genome structure and mutant identification. A newly developed adaptation of BSA 
(Bulked Segregant Analysis) in our laboratory enables molecular characterization of 
mutants by allowing direct comparison between the sequences of mRNA transcripts 
from pools of mutants to the reference genome to identify candidate causal mutations. 
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The present study describes the molecular characterization of the bm2 gene in maize, 
and reveals the role of bm2 gene in lignin biosynthesis.  
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CHAPTER 3. MATERIALS AND METHODS 
3.1 Genetic stocks 
Mutator-derived stocks originally obtained from Don Robertson (Iowa State 
University) have been maintained in the Schnable lab for many years. Various stocks 
carrying the brown midrib2 reference allele (bm2-ref) were ordered from the Maize 
Genetics COOP Stock Center. These included 90-896-4/895-2 (Schnable Lab: 
Ac3247), 93-706-5/705 (Ac3246), 93-705-2/706 (Ac3245), 2000-1695-7/1695-4 
(Ac3244). DNA sequencing revealed that these stocks share the same sequence of 
exons at the MRHFR. The full length of MTHFR cDNA was first amplified by PCR 
using the forward primer 5’ GTT ATG AAG GTT ATC GAG AAG ATC CTG GAG 3’ 
(including the start codon) and the reverse primer 5’ TCA GAT CTT GAA GGC AGC 
AAA CAG G 3’ (including the stop codon). The corresponding DNA fragment was 
then sequenced by using the forward primers 5’ ATG AAG GTT ATC GAG AAG 
ATC 3’; 5’ GAT GCG ATA CAA GGC GAG GG 3’; 5’ GCG CTT CAC AAA CTT 
CTG TC 3’, and the reverse primer 5’ GTA AAG GTG CAA AGT CTT AAT GC 3’. 
Sequence analysis of full-length MRHFR cDNAs amplified from the various sources 
of bm2 stocks revealed no polymorphisms relative to the bm2-ref allele, suggesting 
that all of these stocks carry the same mutant allele. The bm2 allele was maintained by 
outcrossing heterozygous plants to the inbred line B73 once and then selfing.  
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3.2 Mapping populations 
A bm2 mapping population was created by backcrossing homozygous bm2 mutant 
plants (pollen) on the inbred line B73 (ear) to generate F1 seeds. F1 plants were self 
pollinated to created F2 seeds for the bm2 RNA-Seq BSA and bm2 fine-mapping 
experiments (Schnable Lab: Ac3247, 10B-611).  
 
3.3 RNA preparation for RNA-Seq BSA samples 
F2 seeds from a heterozygous individual (Bm2/bm2-ref; Maize Genetics COOP Stock 
Center, Stock Center ID: 90-896-4/895-2) (Schnable Lab: Ac3247, 10B-32) were 
grown in a greenhouse under the conditions of 15 hours light, 80oF day, 75 oF night , 
at 30% humidity. The light intensity was approximately 650-800µmolm-2s-1. Leaf 
tissue samples were collected from 53 26-day old mutant plants (showing brown 
midrib phenotype) and 53 non-mutant plants (showing the wild-type phenotype). 5.5 
cm of leaf tissue measuring from the stem were collected from the 2nd youngest leaf. 
Corresponding midrib tissue samples were pooled for RNA extraction. Total RNA 
were extracted from tissues using RNeasy Mini kits (Qiagen, Cologn, Germany) by 
following the manufacturer’s protocol and the resulting samples were treated with 
DNaseI (Qiagen). The quality of RNA samples was analyzed using ~100-ng of each 
RNA sample on the Bioanalyer 2100 RNA chip (Agilent Technologies Inc., Santa 
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Clara, CA, USA). This QC experiment was performed according to the 
manufacturer’s protocol. mRNA-Seq libraries were constructed using an Illumina 
RNA-Seq sample preparation kit (Illumina, Inc., San Diego, CA, USA) following the 
manufacturer’s protocol. The libraries were sequenced on Illumina Genome Analyzer 
II at the Iowa State University DNA facility with 75 cycles, resulting in most 
sequencing reads having a length of ~75bp.  
 
3.4 RNA-Seq based bulked segregant analysis (BSArSeq)   
This technique was originally developed by Sanzhen Liu of the Schnable Laboratory 
as described (http://schnablelab.plantgenomics.iastate.edu/resources/protocols/). 
Briefly, bulked segregant analysis (BSA) was performed using marker data imputed 
from RNA-Seq reads (BSArSeq) to map a gene from a population that has no prior 
markers available. RNA-Seq is a technology that sequences mRNA in the sample. 
Read counts for each transcript from the RNA-Seq data correspond with the relative 
amounts of each transcript, which have been shown to be highly accurate and 
reproducible for quantifying transcript levels (Pepke et al. 2009; Shendure and Ji 2008; 
Tang et al. 2009; Wang et al. 2009; Wilhelm and Landry 2009). BSA is a method to 
rapidly identify genetic markers linked to a genomic region associated with the 
selected phenotype (Michelmore et al. 1991). Genetic linkage between markers and 
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the causal gene can be determined via quantification of genetic markers in the 
selected bulks. Based on the quantitative features of RNA-Seq and its 
allele-specificity (Pastinen 2010), it is possible to perform BSA via RNA-Seq 
(BSArSeq). To map the bm2 gene and to understand the effect of the bm2 mutant on 
the transcriptome, RNA-Seq was conducted on bm2 mutants and their wild-type 
siblings . After quantifying allele frequency via read counts in RNA-Seq, a 
Bayesian-based BSA approach was developed to map bm2. Both the mapping 
information and transcriptional profiles from RNA-Seq were used to facilitate the 
bm2 gene cloning.  
 
3.5 Trimming and mapping of RNA-Seq reads 
Prior to alignment to the reference genome, each read was scanned for low quality 
bases. Nucleotides having PHRED quality values of <15 (out of 40) (Ewing and 
Green 1998; Ewing et al. 1998) or error rates of 0.03% were removed using a  
custom trimming pipeline, with parameters set similarly to those of the defaults for 
the trimming software, Lucy (Chou et al. 1998; Li and Chou 2004). Trimmed reads 
were aligned to the reference genome using GSNAP (Wu and Nacu 2010) and 
uniquely mapped reads (allowing 2 mismatches every 36 bp and 3 bp tails per 75 bp) 
were used for subsequent analyses. The read depth of each gene was computed based 
11
on the coordinates of mapped and annotated locations of genes in the reference 
genome. 
 
3.6 Direct transposon (Mu) tagging 
Additional bm2 alleles were identified via a forward genetic screen of a 
Mutator-derived population. Newly originated bm2-Mu alleles were isolated from 
around 147,500 progeny of a Mutator-derived population generated by crossing active 
Mu stocks (Bm2/Bm2; Mu) as females by males homozygous for the bm2-ref allele 
derived from the four stocks obtained from the Maize Genetics COOP Stock Center 
90-896-4/895-2 (Schnable Lab Ac3247) 93-706-5/705 (Ac3246), 93-705-2/706 
(Ac3245), 2000-1695-7/1695-4 (Ac3244). A Mutator transposon specific primers 
(5’AGA GAA GCC AAC GCC A[A or T]C GCC TC[C or T] ATT TCG TC3’) and a 
bm2 gene specific primer (5’ ATC CGC TCG AAC AGG TTC TC 3’) were used to 
analyze rare individuals within the (Bm2/Bm2; Mu x bm2-ref /bm2-ref) population 
that exhibited a brown midrib phenotype (bm2-Mu/bm2-ref) to identify Mutator 
insertion alleles in the bm2 locus (Figure S1). To generate homozygous bm2-Mu lines, 
each bm2-ref/ bm2-Mu was out-crossed with B73 (Summer 2010). 5 individuals of F2 
from each parent were randomly self-crossed (Winter 2010). The seeds were 
germinated for screen of bm2 phenotype (Summer 2011), and the F3 that displayed 
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bm2 phenotype were subjected to genotyping for identification of homozygous 
bm2-Mu line (Figure S1). 
 
3.7 Phloroglucinol staining and light microscopy  
Midrib, stem and root tissue samples were hand sectioned to a thickness of 200 µm 
using double-edge razors (Wilkinson Sword, High Wycombe, England, UK), and 
were temporarily stored in sterile distilled water for 2 hours or less until sample 
sectioning was completed. Phloroglucinol staining was performed as described 
(Nakano J, 1992). Briefly, two percent phloroglucinol (Sigma-Aldrich Inc., St. Louis, 
MO, USA) was first dissolved in 95% ethanol (Decon Laboratories, Inc., King of 
Prussia, PA, USA) to form a stock solution. Immediately before use, concentrated 
hydrochloric acid (33%, v/v) was mixed with the stock solution to form the 
phloroglucinol stain solution, which was directly applied to samples. Maize tissue 
samples were placed on glass slides (Thermo Fisher Scientific). Excess solution was 
removed from the glass slides using Kim Wipes tissues (Kimberly-Clark, Irving, TX, 
USA). 300 ul of phloroglucinol stain was applied on the samples for 30 seconds with 
a cover glass (Corning, Corning, NY, USA) on top. Additional phloroglucinol staining 
solution was added to the sample until it was fully covered by the solution. Light 
images were captured using a Spot RT slider camera (Diagnostic Instruments, Inc., 
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Sterling Heights, MI, USA) on a Nikon Eclipse E800 microscope (Nikon, Tokyo, 
Japan) at 20x magnification, and analyzed using Spot version 4.0.6 software 
(Diagnostic Instruments, Inc.).  
 
3.8 Identification of differentially expressed genes via Fisher’s exact test 
Normalization was conducted using a method that corrects for biases introduced by 
RNA composition and differences in the total numbers of uniquely mapped reads in 
each sample (Robinson and Oshlack 2010). Normalized read counts were used to 
calculate fold-changes (FC) and statistical significance. Fisher’s exact test was used to 
test the null hypothesis that expression of a given gene is not different between the 
two samples. Because this experiment did not include biological replication, 
statistically significant variation can be a consequence of either biological or technical 
variation in gene expression between a pair of samples. Genes identified as candidates 
for differential expression were further filtered with absolute log2 fold change larger 
than 1 and a false discovery rate of 0.001% (q-value) to account for multiple testing 
(Benjamini and Hochberg 1995). These genes were called significantly differentially 
expressed. Putative maize homologs were functionally classified using the MapMan 
functional classification system (http://www.ncbi.nlm.nih.gov/pubmed/14996223). 
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3.9 Reverse transcription polymerase chain reaction (RT-PCR) 
Total RNA was isolated and purified by RNeasy Mini Kit (QIAGEN, Cologne, 
Germany), and 1.5μg of the total RNA was reverse transcribed into cDNA via 
SuperScript™ II Reverse Transcriptase according to manufacturer’s instructions 
(Invitrogen, Carlsbad, CA, USA). To detect the level of transcript, PCR cycle 
parameters used were: 10 minutes at 95oC (pre-denaturation and hot start), 40 cycles 
of 35 seconds at 95oC /35 seconds at 58oC/ 90 seconds at 72oC 
(denaturation/annealing/amplification). The following primers were used for detection 
of their corresponding mRNA. MTHFR forward primer sequence: 5’-ATG AAG GTT 
ATC GAG AAG-3’; Reverse primer sequence: 5’-TCA GAT CTT GAA GGC AGC 
AAA C-3’; Actin forward primer sequence: 5’-CCA GGC TGT TCT TTC GTT GT-3’; 
Reverse primer sequence: 5’-CAT TAG GTG GTC GGT GAG GT-3’; Cycl forward 
primer sequence: 5’- CTCCACTACAAGGGCTCCAC-3’; Reverse primer sequence: 
5’- AAC TTC TCG CCG TAG ATG GA-3’; Gap forward primer sequence: 5’- GCT 
TCT CAT GGA TGG TTG CT-3’; Reverse primer sequence: 5’- CAG GAA GGG 
AAG CAA AAG TG-3’. 
 
3.10 Actinomycin D treatment 
A small circular piece of the 2nd youngest leaf (~0.02g) of various genotypes was 
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obtained using a hole punch. The samples were incubated in water (negative control), 
actinomycin D (AMD, 50μg/mL) or DMSO (10μL/mL, solvent control) for 12 hours 
at room temperature. Solutions were changed every 4 hours. The samples were then 
subjected to RNA purification and RT-PCR. 
 
3.11 Yeast complementation assay 
Saccharomyces cerevisiae strains were kindly provided by Dr. Warren D. Kruger 
(Division of Population Science, Fox Chase Cancer Center, Philadelphia, 
Pennsylvania) (Shan et al. 1999), with the genotype as follows: W303-1A (wild-type, 
also labeled MET11): Mata, ade2-1, can1-100, ura3-1, leu2-3, 112, trp1-1, his3-11,15; 
XSY3-1A (Met11 knockout strain, also labeled met11): Mat a, ade2-1, can1-100, 
ura3-1, leu2-3,112, trp1-1, his3-11,15, met11Δ::TRP1. The galactose-inducible 
human MTHFR expression plasmid (phMTHFR, human MTHFR inserted at phMV2.1) 
was also provided by Dr. Warren D. Kruger (Shan et al. 1999). To obtain wild-type 
maize MTHFR cDNA, RNA was extracted from wild-type maize (B73), and then was 
subjected into RT-PCR. The full length (1782bp) wild-type maize MTHFR cDNA was 
first amplified from B73 cDNA using the forward primer 5’ GTT ATG AAG GTT 
ATC GAG AAG ATC CTG GAG 3’ (including the start codon) and the reverse primer 
5’ TCA GAT CTT GAA GGC AGC AAA CAG G 3’ (including the stop codon). The 
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fragment was cloned into the galactose-inducible expression plasmid 
(pYES2.1/V5-His-TOPO) using pYES2.1 TOPO® TA Expression Kit. Plasmids were 
transformed to yeast using the S. c. EasyCompTM Transformation Kit (Invitrogen). 
The cloned fragment was then sequenced by using the forward primers 5’ ATG AAG 
GTT ATC GAG AAG ATC 3’; 5’ GAT GCG ATA CAA GGC GAG GG 3’; 5’ GCG 
CTT CAC AAA CTT CTG TC 3’, and the reverse primer 5’ GTA AAG GTG CAA 
AGT CTT AAT GC 3’. To test the growth of the transformed yeast for 
complementation, yeast cells were inoculated on SD Glucose -Met (control) plates 
and SD Galactose -Met (to induce expression of the insert at the plasmid) plates 
(Clonetech, Mountain View, CA; DIFCO, Sparks, MD), which were then incubated at 
30oC for 3 days. 
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CHAPTER 4. RESULTS 
4.1 Characterization of the bm2 mutant phenotype 
The bm2 mutant was originally identified by its brown pigmentation in the leaf midrib 
(Neuffer et al. 1968).  This phenotypic description is consistent with our 
observations of the bm2-ref allele. The bm2 mutants in segregating families exhibit a 
reddish brown pigmentation of the leaf midrib at the 6 to 8 leaf stage, around 27 days 
after planting (Figure 1A) (Schnable Lab: Ac3247, 10B-32). The reddish brown 
pigmentation was observed on both of the adaxial and abaxial surfaces of leaves 
(Figure 1B). This pigmentation was not observed in wild-type individuals (Figure 1A 
and 1B).   
 
  Mutant bm2 plants have also been reported to accumulate reduced levels of lignin 
in their tissues (Sattler et al. 2010). This was confirmed in our bm2 mutant tissue 
samples using microscopy after staining with phloroglucinol (Figure 1C), which is a 
traditional method to detect lignin levels in plants (Wardrop 1971). In wild-type maize, 
the midrib, epidermis and tissues around vascular bundles stain red with 
phloroglucinol, thereby demonstrating the lignification of these tissues. In the bm2 
mutant, however, these tissues stain only weakly.  
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Although there are no observable alterations in the anatomy of stems and roots 
associated with the bm2 mutant, significant differences in phloroglucinol staining 
were detected in these tissues. In wild-type stems and roots, strong phloroglucinol 
staining was detected at xylem vessels and epidermis, whereas bm2 mutant tissues 
exhibited reduced staining, indicating that lignin levels are lower in the bm2 mutant as 
compared to wild-type controls (Figure 1C). 
 
4.2 Mapping the bm2 gene 
The focus of this study was to clone and analyze the bm2 gene, which is associated 
with reductions of lignin content, particularly in G lignin (Sattler et al. 2010). The 
bm2 gene had been previously mapped to chromosome 1 (Neuffer et al. 1968). To 
map the bm2 gene to a higher resolution we used a modification of Bulked Segregant 
Analysis (BSA) that makes use of RNA-Seq reads, which was developed by Sanzhen 
Liu (BSArSeq; Unpublished method). Briefly, RNA-Seq reads are generated from 
pools of bm2 mutants and wild-type control plants. Because of the digital nature of 
next-generation sequencing (NGS) data, it is possible to conduct de novo SNP 
discovery and quantitatively genotype BSA samples using the same RNA-Seq data. In 
addition, analysis of the RNA-Seq data provides information on the effects of the 
mutant on global patterns of gene expression at no extra cost.  
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To generate a bm2 mapping population, a bm2-ref mutant was outcrossed to B73 
once to reduce differences in genetic background. An individual heterozygous for the 
bm2-ref allele was self pollinated to generate an F2 segregating population. From this 
segregating population, RNA samples from individuals with the mutant phenotype 
and non-mutant phenotype were combined into two separate pools (mutant and 
wild-type) and were subjected to RNA-Seq (Methods). To collect tissues for 
RNA-Seq analysis, midrib tissue was sampled from 53 bm2 mutant individuals and 53 
non-mutant individuals (wild-type) 27 days after germination, when the bm2 mutant 
phenotype first became visible. RNA was extracted from separately pooled tissue 
samples from bm2 mutants and their wild-type siblings, and then subjected to 
RNA-Seq. RNA-Seq reads were trimmed and aligned to the reference genome.  
46,289 Single Nucleotide Polymorphisms (SNPs) were identified and used for Bulked 
Segregant Analysis-RNA-Seq (BSArSeq).  
 
   This experiment mapped the bm2 gene to a ~2Mb region of Chromosome 1 
(Figure S2). There are 83 genes in the interval of the 2MB region (Table S1). To 
narrow down the region of interest, recombinants across this interval were analyzed 
using SNPs identified from the BSArSeq experiment by fine mapping (Appendix). 
This analysis identified the MTHFR gene as a candidate for being the bm2 locus.  
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4.3 The MTHFR gene is expressed at lower levels in the bm2-ref mutant than in 
wild-type controls 
RNA-Seq data from the BSArSEQ experiment suggested that the MTHFR gene is 
down-regulated in the bm2-ref mutant relative to wild-type controls. Reverse 
transcription polymerase chain reaction (RT-PCR) experiments confirmed that this 
pattern holds in multiple tissues (including leaf, stem and root) (Figure 2A). Similar 
results were obtained by analyzing the bm2-ref allele in a variety of genetic 
backgrounds (Figure 2B).  
 
RT-PCR products derived from the MTHFR gene amplified from the bm2-ref 
mutant were sequenced and compared to the B73 reference genome. Seven 
polymorphisms were identified in the bm2-ref allele as compared to the B73 reference 
genome (Figure S3). One is a silent mutation in the MTHFR encoding region; the 
other six polymorphisms are located in the 3’ untranscribed region (UTR) (Figure S3). 
The reduction in the accumulation of MTHFR mRNA in the bm2-ref mutant could be 
the result of polymorphisms detected between this allele and the B73 wild-type allele 
(Figure 2A and B) because the 3’UTR plays a critical role in RNA stability (Gutierrez 
et al. 1999; Millevoi and Vagner 2010). 
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To test the stability of the MTHFR mRNA from wild-type and bm2-ref mutant, the 
corresponding midrib tissues were exposed to a transcription inhibitor actinomycin D 
(Sawicki and Godman 1972) (Methods). After a 12 hour incubation of the tissues in 
the presence of actinomycin D, the level of MTHFR mRNA in the bm2-ref tissue was 
significantly reduced, while the level of the wild-type control remained similar to its 
original level (Figure 2C). These results are consistent with the hypothesis that the 
polymorphisms in the bm2-ref allele reduce the stability of the MRHFR mRNA. 
 
4.4 Confirmation that the bm2 and MTHFR genes are one-in-the-same  
A population of plants derived from a cross of active Mu transposon stocks with the 
plants homozygous for the bm2-ref allele was screened for novel Mu-induced bm2 
mutant alleles (Methods). After screening 147,500 individuals, ten plants were 
identified that exhibited the characteristic reddish-brown midribs of bm2 mutants 
(Figure 3A and B). These individuals were screened using a PCR-based approach 
with a Mu-specific primer for the terminal-inverted repeat sequence of Mu element 
together with MTHFR specific primers (Methods). Mu insertions were identified in 
the MTHFR gene in each of the 11 identified mutants, with 6 unique insertion sites 
(Figure 3C and S1). Homozygous bm2-Mu lines were generated for each of the 11 
mutants (Methods), and phloroglucinol staining indicated that these individuals 
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accumulate reduced levels of lignin (Figure 3D, Figure S4), demonstrating that the 
predicted MTHFR gene is indeed the bm2 gene.  
 
4.5 Rescue of MET11 knockout yeast by expression of the maize Bm2 gene 
The maize Bm2 gene shares 40% of identity and 59% similarity at the amino acid 
sequence alignment with the yeast MET11 gene, which encodes the enzyme with 
functional homologue of human MTHFR (Figure S5). The MTHFR enzyme catalyzes 
the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a 
cosubstrate for homocysteine remethylation to methionine (Goyette et al. 1994; 
Vickers et al. 2006). Yeast lacking the endogenous MET11gene can not grow in media 
lacking methionine (Shan et al. 1999). To test the hypothesis that the maize Bm2 gene 
encodes MTHFR, a MET11 knockout strain (met11) of yeast was used to test whether 
expression of the maize Bm2 gene could rescue the knockout yeast. As expected, 
wild-type yeast (MET11), but not the MET11 knockout strain, can grow in the absence 
of methionine (Figure 4). Further, consistent with previous reports (Shan et al. 1999), 
expression of the human MTHFR gene can rescue the MET11 knockout yeast in the 
present of galactose, which induces the expression of the human MTHFR gene in the 
construct (Figure 4) (Shan et al. 1999) (Shan et al. 1999). Significantly, when under 
the control of a galactose-inducible promoter the Bm2 cDNA can also rescue MET11 
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knockout yeast in the present of galactose, but not in the present of glucose, which 
inhibits the expression of Bm2 in this construct (Figure 4). This finding supports the 
conclusion that Bm2 encodes a functional MTHFR.   
 
4.6 Transcriptomic analysis of a bm2 mutant  
RNA-Seq data from the BSArSEQ experiment was analyzed to compare global gene 
expression levels in pools of bm2 mutants and wild-type controls. A total of 368 genes 
were differentially expressed in the bm2 mutant: 242 genes were up-regulated, and 
126 were down-regulated (Figure 5). Among the key lignin biosynthetic enzymes, 
cinnamate 4-hydroxylase (C4H) and phenylalanine ammonia-lyase (PAL) cinnamate 
4-hydroxylase (C4H) were up-regulated (Table 2). In addition to MTHFR, the 
expression of ferulate 5-hydroxylase (F5H) was reduced (Table 2), suggesting that 
methionine biosynthesis may be disturbed in bm2 mutants. Noticeably, no other 
lignification genes were down-regulated in the bm2 mutants, and no differential 
expression was observed for cinnamyl alcohol dehydrogenase (CAD), coniferyl 
aldehyde dehydrogenase (CALDH), Cinnamoyl CoA reductase (CCR); 
hydroxycinnamoyl CoA: Shikimate hydroxycinnamoyl transferase (HCT); coumaroyl 
shikimate 3-hydroxylase (C3H); caffeoyl CoA 3-O-methyltransferase (CCoAOMT) or 
caffeic acid 3-O-methyltransferase (COMT) (Figure 6 and Table 1).  
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Methionine plays critical roles in fundamental cellular and biochemical processes, 
including initiation of mRNA translation, synthesis of DNA, RNA and proteins, cell 
division, and synthesis of cell wall, cell membrane, and chlorophyll (Kwan 2002). 
This is consistent with findings from our global gene expression analysis, which 
reveal that the bm2 mutant alters accumulation of transcripts in critical enzymes that 
participate in photosynthesis, metabolisms, cell division, signaling, stress and 
transportation (Figure 5).   
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CHAPTER 5. DISCUSSION 
Plants containing bm2 mutations exhibit reddish brown pigmentation of the leaf 
midrib, and also reduced levels and altered composition of lignin, which enhances 
their digestibility. Here, we report the molecular characterization of the bm2 gene. The 
bm2 gene was first mapped to a 2 MB interval via BSArSeq, and 0.51 MB via fine 
mapping. Multiple independent Mu-induced alleles of the bm2 gene demonstrated that 
the bm2 gene is a putative MTHFR gene located in this region and that is 
down-regulated in the bm2 mutant. Complementation studies conducted in yeast 
demonstrate that Bm2 encodes a functional MTHFR. Our follow-up bioinformatic 
analyses provide mechanistic insights into the link between methionine and lignin 
biosynthesis. 
 
5.1 Survival of bm2 mutant with MTHFR mutation.  
MTHFR plays critical role in the biosynthesis of methionine (Goyette et al. 1994; 
Vickers et al. 2006), which is an essential, sulfur-containing amino acid. Apart from 
its nutritional importance and its central role in the initiation of mRNA translation, 
methionine indirectly regulates various important cellular processes, including 
biosynthesis of DNA, RNA, protein, lipid and hormones (Amir 2010). As methionine 
is essential in primary and secondary metabolism, it can be expected that mutation of 
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MTHFR could be lethal. Interestingly, bm2 mutant maize has mutations at MTHFR 
transcript. The survival of the bm2 mutant could be due to several possibilities. 
Studies showed that plants might absorb methionine, which is released from the 
degradation of organic matters to the soil (Arshad et al. 1993; Fitzgerald et al. 1984). 
There could be undiscovered mechanism involved in methionine in plants. Most 
importantly, while there is a silent mutation at the MTHFR encoding sequence, 6 
mutations occur at the 3’UTR of the MTHFR mRNA transcript at the bm2 mutant. 
Noticeably, these mutations reduce the stability of the mRNA. Although bm2 mutant 
has lower level of MTHFR mRNA than the wild-type, the MTHFR biosynthesis at the 
bm2 mutant is not completely abolished so that the bm2 mutant can survive the 
MTHFR mutations.  
 
5.2 Link between the bm2 gene and Guaiacyl (G) and Syringyl (S) lignin  
The MTHFR enzyme catalyzes the conversion of 5,10-methylenetetrahydrofolate to 
5-methyltetrahydrofolate, a cosubstrate for homocysteine remethylation to methionine 
(Goyette et al. 1994; Vickers et al. 2006). The bm2 mutant is characterized by 
reductions in lignin accumulation and alterations in lignin composition, in which G 
type lignin is significantly reduced (Sattler et al. 2010). Interestingly, our gene 
expression profiles of the lignin biosynthetic pathways show that, while the 
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accumulation of transcripts from the MTRFR gene is reduced, some key lignin 
biosynthesis enzymes, including Phenylalanine ammonia-lyase (PAL) and Cinnamoyl 
CoA reductase (CCR), are actually increased. This up-regulation of PAL and CCR is 
surprising given the reduction of lignin accumulation in the bm2 mutant. Hence, these 
results suggest the critical contributions of MTHFR to lignin accumulation. Previous 
study showed that S-adenosyl-L methionine, which is a downstream product of 
MTHFR, is consumed by both CCoAOMT and COMT during the biosynthesis of G 
and S lignin (Ye et al. 1994). Noticeable, while the methionine pathways is upstream 
to both G and S lignin biosynthesis pathway, the S lignin production is not 
significantly affected in the bm2 mutant (Sattler et al. 2010). This suggests that there 
is also another as yet unidentified pathway to fuel the biosynthesis of S lignin. 
Together, these results suggest coordination between the regulation of methionine 
metabolism and lignin biosynthesis (Figure 6).  
 
5.3 MTHFR as a potential target in regulating lignin biosynthesis 
Our study reveals that mutations at MTHFR result in a reduction in lignin 
accumulation and alterations in lignin composition. Expression of the Bm2 gene can 
complement MET11 in yeast, indicating its role in methionine synthesis, as human 
MTHFR (Shan et al. 1999). Together, these suggest that MTHFR, as well as the 
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methionine biosynthesis pathway, is a potential target for engineering crops that 
accumulate altered lignin. This is in agreement with a previous study that 
demonstrated that interference of SMAS, an enzyme downstream of MTHFR and that 
converts methionine to S-adenosyl-L methionine, suppresses lignin biosynthesis 
(Shen et al. 2002). The current study demonstrates that the normal accumulation of 
G-lignin, but surprisingly not S-lignin, is MTHFR-dependent.   
 
The brown midrib mutants such as bm1 (CAD), bm2 (MTHFR) and bm3 (COsMT), 
and also other maize mutants, including CCR1, naturally display reduction of lignin 
content  ADDIN EN.CITE (. Identification of these mutations reveals the molecular 
mechanisms of the blockage of lignin biosynthesis, and also suggests important 
targets in alternating lignin composition for forage improvement and biofuel 
production. Theoretically, creating double, triple or different combinations of these 
mutants might result further significant reduction of lignin contents. At the same time, 
however, studies show that reduction of lignin content in biomass, especially in 
woody plants, could also affect soil structure and fertility, and distort the net carbon 
storage balance, as the low lignin biomass can be degraded and metabolized into CO2 
and water by soil micro-organisms rapidly than the high lignin biomass (James et al. 
1998). Inversely, up-regulation of genes for lignin biosynthesis might increase the 
29
lignin content in plants. Further studies on the regulation of these genes will allow us 
to mediate content of crops in case-by-case applications.  
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 FIGURE LEGENDS 
Figure 1. Characterization of a bm2 mutant  
A) Greenhouse-grown bm2 mutant (bm2-ref) and non-mutant wild-type (WT) maize. 
B) Adaxial and abaxial views of the midribs of bm2 mutant and WT maize. 
C) Histochemical staining of lignin of tissue sections from B73, bm2 mutant and WT 
maize. Section of midrib (a-c), stem (d-f) and root (g-i) were taken from B73 (a, d, g), 
bm2 mutant (b, e, h) and WT (c, f, i) maize that had been stained with phloroglucinol. 
Scale bar: 100μm. 
 
Figure 2. MTHFR mRNA level in bm2 mutants. 
A) RT-PCR gel analysis of the MTHFR mRNA levels in different tissues, including 
leaf, midrib, and root of wild-type (WT) and bm2-ref (bm2, Schnable Lab: Ac3247, 
11B-418-1) plants. 
B) RT-PCR gel analysis of MTHFR mRNA level of bm2 mutants in four distinct 
genetic backgrounds: bm2 [1] (Schnable Lab: Ac3247, 10B-611­16); bm2 [2] 
(Schnable Lab: Ac3247, 11-1051); bm2 [3] (Schnable Lab: Ac3244, 11-1049), B73 
(Ac660, 10B-613­9) and non-mutant (WT, Ac3247, 10- 611­50) serve as control. 
C) Level of MTHFR mRNA in midrib of wild-type and bm2-ref (Schnable Lab: 
Ac3247, 11-1051) with or without the Actinomycin D exposure (AMD, 50μg/ml, 12 
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hours). Incubation of the corresponding tissues in water and DMSO (AMD solvent) 
serve as mock experiments.  
Level of Actin, Cyclin (Cycl) or Gap mRNA serve as loading controls.  
 
Figure 3. bm2 encodes a putative MTHFR 
A) Representing phenotype of maize with containing a Mu insertion in a putative 
MTHFR gene (bm2-Mu). 
B) Adaxial and abaxial views of midrib of non-mutant (WT) maize and bm2-Mu 
maize (bm2-Mu-11-2251). 
C) Gene structure of the MTHFR gene. The insertion sites of multiple Mu transposons 
are indicated by the open triangles in the first exon. 
D) Histochemical staining of lignin of tissue sections from midrib tissues from plants 
having the genotype bm2-Mu maize. Scale bar: 100μm. 
 
Figure 4. Yeast complementation assay 
Growth of yeast strains on Yeast-extract Peptone Dextrose (YPD, control), glucose 
SD-Met (control) plate and galactose SD-Met (to induce expression of the insert at the 
plasmid) plate. MET11 (Mock): wild-type yeast transformed with plasmid without 
insert; met11 (Mock): MET11 knockout yeast transformed with plasmid without insert; 
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met11 (Bm2): MET11 knockout yeast transformed with plasmid cloned with maize 
MTHFR; met11 (hMTHFR): MET11 knockout yeast transformed with plasmid cloned 
with human MTHFR (positive control of complementation assay). Their locations are 
labeled correspondingly at the circle.  
 
Figure 5. Comparison of RNA-Seq expression between bm2 and wild-type maize 
Differences in gene expression patterns between the bm2-ref mutant (Schnable Lab: 
Ac3247, 10B-32) and wild-type (WT) controls were visualized using MapMan. Red 
and blue boxes represent transcripts that are up-regulated and down-regulated in bm2 
vs. wild-type, respectively.  
 
Figure 6. Identification of lignin biosynthetic genes that exhibit 
MTHFR-dependent and -independent patterns of transcript accumulation 
Red and blue boxes designate genes whose transcripts that are up-regulated and 
down-regulated in bm2 vs. wild-type, respectively.  
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 TABLE LEGEND 
Table 1:  
Differently expressed genes in the lignin biosynthetic pathway in the bm2 mutant  
45
Table 1 
Table 1 
Gene ID Description  bm2 / WT ratio Log2 value 
GRMZM2G139874 cinnamate 4-hydroxylase (C4H) 1.48 
GRMZM2G063917  phenylalanine ammonia-lyase (PAL) 1.25 
AC210173.4_FGP005 ferulate 5-hydroxylase (F5H) -1.2 
GRMZM2G347056 Methylenetetrahydrofolate reductase (MTHFR) -2.31 
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 SUPPLEMENTARY FIGURE LEGENDS 
Figure S1. Identification of Mutator insertion alleles in the bm2 locus 
A) Gene structure of the MTHFR gene. The insertion sites of multiple Mu transposons 
are indicated by the open triangles in the first exon. The loci for annealing of primers 
for identifying Mutator insertion alleles in the bm2 are indicated. 
B) Summary of the PCR results of the identification of Mutator insertion. 
C) Summary of the primers used for the identification of Mutator insertion. 
D) Identification of Mutator insertion at MTHFR gene by PCR using primers 
bm2C1.1F_a (aligned on MTHFR) and MuTIR (aligned at Mu). Sequences of primers 
are stated at Figure S1 C. Genomic DNA of bm2 (Schnable Lab: Ac3247, 
10B-611-16), B73 (Ac660, 10B-613-9) and an individual with the genetic background 
of Mutator without showing bm2 phenotype (WT, Mu background) serve as negative 
controls.  
 
Figure S2. bm2 located on chromosome 1 
Each dot represents one of 46,289 SNP sites. The Y-axis indicates the probability of 
complete linkage between the SNP site and the mutant gene. The result is consistent 
with the reported position of the bm2 gene (MaizeGDB). 
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Figures S3. Polymorphisms in the bm2-ref allele as compared to the Bm2-B73 
wild-type allele.    
A) Gene structure of the MTHFR gene. Black boxes indicate exons and lines between 
the boxes indicate introns. 
B) The sequence alignment of the 3’UTRs of the MTHFR gene of B73 (MTHFR) and 
bm2 mutant (Schnable Lab: Ac3247, 10B-32) (bm2). The 3’UTR includes 1856 to 
1373 base of the mRNA. The stop codon at the MTHFR encoding sequence (TGA) is 
underlined in red. Red arrows indicate point mutations. Blue arrow indicates insertion. 
Green arrow indicates deletion. The Maize Genetics and Genomics Database (MGDB) 
accession number for MTHFR is 64885. 
 
Figure S4. Histochemical staining of lignin of tissue sections from WT maize and 
bm2-Mu mutant.  
Section of midrib (a-c), stem (d-f) and root (g-i) were taken from WT (a, c, e) and 
bm2-Mu mutant (b, d, f) (bm2-Mu-10-7067E) that had been stained with 
phloroglucinol. Scale bar: 100μm.  
 
Figure S5. Alignment of deduced amino acid sequences of Bm2 gene with the 
sequence of MET11 from Saccharomyces cerevisiae. 
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 SUPPLEMENTARY TABLE LEGEND 
Table S1: 
Present of genes at the 2MB interval as induced by BSArSeq 
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Table S1 
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APPENDIX. FINE MAPPING 
INTRODUCTION 
By our newly developed adaptation of RNA-Seq based bulked segregant analysis 
(BSArSeq, Sanzhen Liu unpublished method), the bm2 gene was mapped to an 
internal of 289-291MB on chromosome 1. There are 83 genes in the interval of the 
2MB region (Table S1). To search the bm2 gene in this region, fine mapping was 
performed as reported here.  
 
MATERIALS AND METHODS 
Identification of primers for fine mapping 
Leaf tissue samples of F2 seeds, from a heterozygous individual (Bm2/bm2-ref; Maize 
Genetics COOP Stock Center, Stock Center ID: 90-896-4/895-2) (Schnable Lab: 
Ac3247, 10B-32), were collected from 53 26-day old mutant plants (showing brown 
midrib phenotype) and 53 non-mutant plants (showing the wild-type phenotype), and 
were then subjected into RNA extraction as described at chapter 3.3. The RNA 
samples were subjected into Illumina RNA-Seq, resulting in most sequencing reads, 
which were then aligned between wild-type and mutant samples for SNP callings 
(Sanzhen Liu unpublished method). The SNP data was sent to KBiosciences 
(Hoddesdon, United Kingdom) for the design of primers for fine mapping.  
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Identification of recombinant plants   
The F2 seeds for bm2 fine-mapping experiments (Schnable Lab: Ac3247, 
10-5977-6150) was planted during 2010 summer. 537 plants germinated. When the 
plants were at the 4-5 leaf stage, leaf tissue was sampled from each plant in 96-well 
format plates for DNA isolation. The DNA was subjected for KASPar genotyping 
using the primers designed by KBiosciences (Table 1).  
 
RESULTS 
41/537 recombinant plants in the bm2 mapping population were identified within 
2MB interval by using the flanking markers bm2-289632923 and bm2-291983683 
(Figure 1, Table 1). 10 more flanking markers were used to further narrow down the 
bm2 interval (Table 1). 6/537 recombinant plants were identified within 0.51MB by 
using bm2-290599983 and bm2-291111263 (Figure 1, Table 1). 8 genes (filter gene 
set) and 47 genes (working gene set) were identified within this interval (Table 2).  
 
ACKNOWLEDGEMENTS 
Dr. Sanzhen Liu contributed in the development and the bioinformatics analyses of 
the BSArSeq. We thanks Stephen Moldovan for assistance in field work and DNA 
isolation; Lisa Coffey for nursery management. 
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FIGURE LEGEND 
Figure 1. Fine mapping of bm2 gene. 
Summary of genotyping data of KASPar assay (summary 2010) on chromosome 1. In 
this mapping population, 537 plants germinated. 41 recombinants (dotted blue box) 
were identified by using flanking markers within 2 MB intervals, using primers 
bm2-289632923 and bm2-291983683 (in blue). Six recombinants (dotted red box) 
were found by using flanking makers within 0.51MB intervals, using primers 
bm2-290599983 and bm2-291111263 (in red). The yellow highlight indicates 
homozygote bm2 allele. Three with green highlight indicate heterozygote bm2 allele. 
Zero indicates no data. Chromosome 1 model is at the lower panel of the genotyping 
summary table to visualize the relative distance between the flanking markers. 
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Figure 1 
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TABLE LEGENDS 
Table 1. The sequences of bm2 fine mapping primers for KASPar assay. 
Table 2. Genes at the 0.51MB interval as narrowed by fine mapping 
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Primer name Primer 1 sequence Primer 2 sequence Common primer 
bm2-289632923 5' GAAGGTGACCAAGTTCATGCTCAGATTTCATCAAGCCATGTATCTTC 3' 5' GAAGGTCGGAGTCAACGGATTCAGATTTCATCAAGCCATGTATCTTG 3' 5' CGTCGAATGTTGTGGTCTCTTGGAA 3' 
bm2-289764777 5' GAAGGTGACCAAGTTCATGCTGACCTCCAGCCCGGACGC 3' 5' GAAGGTCGGAGTCAACGGATTGACCTCCAGCCCGGACGG 3' 5' GCCACGCCAGCCAGGTCCA 3' 
bm2-290199061 5' GAAGGTGACCAAGTTCATGCTAAACAAACCCACCCTGGCTTCAA 3' 5' GAAGGTCGGAGTCAACGGATTAACAAACCCACCCTGGCTTCAG 3' 5' CCATTTTACTTGTTTGCCACTGTGAGAAA 3' 
bm2-290203358 5' GAAGGTGACCAAGTTCATGCTGCGGCTATGTTCTTAGGCGAG 3' 5' GAAGGTCGGAGTCAACGGATTCTGCGGCTATGTTCTTAGGCGAA 3' 5' CTTATCCGGCTGCTGGCGCTT 3' 
bm2-290599983 5' GAAGGTGACCAAGTTCATGCTCACAAATCTCTCCTCCCCTCTC 3' 5' GAAGGTCGGAGTCAACGGATTGCACAAATCTCTCCTCCCCTCTT 3' 5' GGGGTCGTCGGCGGGCAAT 3' 
bm2-290898607 5' GAAGGTGACCAAGTTCATGCTCGTACAGCACCCGGTTCACC 3' 5' GAAGGTCGGAGTCAACGGATTACGTACAGCACCCGGTTCACT 3' 5' CGGGCCTGCGGAAGGGGAA 3' 
bm2-291111263 5' GAAGGTGACCAAGTTCATGCTCCCGACTTTTCCTTCCCTTCC 3' 5' GAAGGTCGGAGTCAACGGATTCCCGACTTTTCCTTCCCTTCA 3' 5' GATGGTCGTCGTCACTCGTCGT 3' 
bm2-291118986 5' GAAGGTGACCAAGTTCATGCTACCAGGTTATAATGATGCCATGGAG 3' 5' GAAGGTCGGAGTCAACGGATTACCAGGTTATAATGATGCCATGGAC 3' 5' TCTGCAATTACTATCGCTAGAGGTTTTATT 3' 
bm2-291119025 5' GAAGGTGACCAAGTTCATGCTCCTCTAGCGATAGTAATTGCAGATAC 3' 5' GAAGGTCGGAGTCAACGGATTACCTCTAGCGATAGTAATTGCAGATAA 3' 5' CCGATGGCTCTGGCCTGCGT 3' 
bm2-291119339 5' GAAGGTGACCAAGTTCATGCTCCACTACCAACTTCCCTGCGG 3' 5' GAAGGTCGGAGTCAACGGATTCCACTACCAACTTCCCTGCGA 3' 5' GAGATGATAGGCTTCGCTGGCTTT 3' 
bm2-291460726 5' GAAGGTGACCAAGTTCATGCTTCCCCAGCAACGATCAGGTC 3' 5' GAAGGTCGGAGTCAACGGATTCTTCCCCAGCAACGATCAGGTT 3' 5' ATGTATGCAGGCACCAATGCACCAT 3' 
bm2-291983683 5' GAAGGTGACCAAGTTCATGCTGAACACCTCCCTGAACTTCTCC 3' 5' GAAGGTCGGAGTCAACGGATTGAACACCTCCCTGAACTTCTCT 3' 5' GGAAGGCCGCCGGCCTGTA 3' 
Table 1. Fine Mapping primer sequences for KASPar Assay 
Table 1 
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47 genes in the 0.51 MB bm2 interval (working gene set)
Gene ID Gene ID Gene ID Gene ID Gene ID
1 GRMZM2G179133 11 GRMZM2G004459 21 GRMZM2G027068 31 GRMZM2G347043 41 GRMZM2G160304
2 GRMZM2G179133 12 GRMZM2G004459 22 GRMZM2G027068 32 GRMZM2G347056 42 GRMZM2G160304
3 GRMZM2G480262 13 GRMZM2G087612 23 GRMZM2G500550 33 GRMZM2G531215 43 GRMZM2G160304
4 GRMZM2G590529 14 GRMZM2G388347 24 GRMZM2G559608 34 GRMZM2G489771 44 GRMZM2G160304
5 GRMZM2G127397 15 GRMZM2G704133 25 GRMZM2G128663 35 GRMZM2G009598 45 GRMZM2G160304
6 GRMZM2G127401 16 GRMZM2G535364 26 GRMZM2G128663 36 GRMZM2G465553 46 GRMZM5G847879
7 GRMZM2G558213 17 GRMZM2G087753 27 GRMZM2G107745 37 GRMZM2G160304 47 GRMZM2G072584
8 GRMZM2G127404 18 GRMZM2G535366 28 GRMZM2G107796 38 GRMZM2G160304
9 AC207024.3_FG00
2 19 GRMZM2G500600 29 GRMZM2G039242 39 GRMZM2G160304
10 GRMZM2G303342 20 GRMZM5G831951 30 GRMZM2G047365 40 GRMZM2G160304
8 gene in the 0.51MB bm2 interval (filter gene set) 
Gene ID Gene ID Gene ID Gene ID
1 GRMZM2G004459 3 GRMZM2G128663 5 GRMZM2G047365 7 GRMZM2G072584
2 GRMZM2G087612 4 GRMZM2G107745 6 GRMZM2G347043 8 GRMZM2G009598
Table 2 
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